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A B S T R A C T
In this paper, we have investigated a novel Schottky tunneling source impact ionization MOSFET (STS-
IMOS) to lower the breakdown voltage of conventional impact ionization MOS (IMOS) and developed
an analytical model for the same. In STS-IMOS there is an accumulative effect of both impact ionization
and source induced barrier tunneling. The silicide source offers very low parasitic resistance, the outcome
of which is an increment in voltage drop across the intrinsic region for the same applied bias. This reduces
operating voltage and hence, it exhibits a signiﬁcant reduction in both breakdown and threshold voltage.
STS-IMOS shows high immunity against hot electron damage. As a result of this the device reliability
increases magniﬁcently. The analytical model for impact ionization current ( Iii ) is developed based on
the integration of ionization integral (M). Similarly, to get Schottky tunneling current ( ITun ) expression,
Wentzel–Kramers–Brillouin (WKB) approximation is employed. Analytical models for threshold voltage
and subthreshold slope is optimized against Schottky barrier height ( φB) variation. The expression for
the drain current is computed as a function of gate-to-drain bias via integral expression. It is validated
by comparing it with the technology computer-aided design (TCAD) simulation results as well. In essence,
this analytical framework provides the physical background for better understanding of STS-IMOS and
its performance estimation.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
In recent research, “green transistors”with extremely fast switch-
ing speed have attracted the attention of many researchers. They
require the supply voltage scaling, hence to realize such green tran-
sistors it is required to overcome the “Boltzmann tyranny” of
fundamental thermodynamic limit (kT/q) for conventionalMOS. To
overcome this theoretical tyranny and to realize super steep sub-
threshold slope (SS), various charge based beyond CMOS non-
conventionalMOS devices have been proposed based on alternative
charge injection mechanisms namely tunnel ﬁeld effect transistors
(TFET) [1,2] and impact ionizationMOS (IMOS) [3,4]. IMOShasevolved
as a potential candidate having the reported SS as 5 mV/dec and
I ION OFF ratio approximately equal to 107 [5–7]. IMOS is a gated
p-i-n structure with the gate semi-overlapped over the intrinsic
region. It operates in reverse-bias regime and its charge injection
mechanism is based on the impact ionizationmultiplication process
[8–11]. Interestingly, it has the potential of co-integrationwith CMOS
technology [12,13]. In IMOS, gate controlled effective channel length
modulation takes place and it leads to high electric ﬁeld in the in-
trinsic region to initiate impact ionization process. As impact
ionization mechanism for charge injection in IMOS requires high
electric ﬁeld and it has high parasitic resistance of source region,
hence it offers high breakdown voltage and threshold voltage.
In order to address aforementioned problems of conventional
IMOS, a Schottky tunneling source impact ionization MOSFET (STS-
IMOS) with silicide (NiSi) source is proffered here. The fabrication
process of STS-IMOS is compatible with the CMOS fabrication process
ﬂow. There is a cumulative effect of twomechanisms, namely impact
ionization and source induced barrier tunneling. The analytical
framework for drain current is derived by integrating the impact
ionization integral (M) (for impact ionization current component)
and theWKB approximation (for tunneling current component). To
validate the model developed, it is compared with technology
computer-aided design simulation results. A good agreement
between analytical model and numerical TCAD device simulation
results provides the validity of the model. Simulation results also
demonstrate lower value of both threshold voltage and break-
down voltage, enhanced I ION OFF ratio and steep SS for STS-IMOS
compared to IMOS.
This paper is organized as follows: Section 2 addresses device
structure and the simulation methodology for studying the device
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performance parameters. Section 3 covers the analytical model for
the threshold voltage and subthreshold slope of STS-IMOS. Section
4 discusses the obtained results and validates the model
developed. Finally, Section 5 draws important conclusions from
the developed analytical frame work and highlights the major
ﬁndings.
2. Device structure and simulation parameters
Schematic cross-sectional view of both conventional IMOS and
STS-IMOS, having identical device dimensions are shown in Fig. 1.
Here, we have analyzed silicon-on-insulator (SOI) implementa-
tion of both the devices. Various simulation parameters are: silicon
ﬁlm thickness TSi( ) , thickness of gate oxide Tox( ) , total channel length
Lch( ) , gate length (LG) and intrinsic region length Lin( ) are taken as
15 nm, 3 nm, 100nm, 60 nm and 40 nm respectively. For conven-
tional IMOS there is source doping (NA) of the order of 1020 cm−3.
Whereas, STS-IMOS has nickel silicide (NiSi) source as suggested
in [14–16] with optimized Schottky barrier height ( φB) as 0.65 eV.
Drain doping (ND) for both the devices is considered as 1020 cm−3.
To model the source induced tunneling effect in STS-IMOS non-
local tunneling model is included with a non-local distance of 2 nm
using Synopsys [17]. To obtain accurate device simulations impact-
ionization model and band-to-band tunneling (BTBT) models are
used. Further, bandgap narrowing model (BGN), Shockley–Read–
Hall (SRH) and Auger recombination are also incorporated at 300 K.
The charge injectionmechanism of STS-IMOS is based on the impact
ionization because of gate controlled effective channel length mod-
ulation and source induced tunneling as shown in Fig. 2. Under a
high applied source-to-drain bias (VSD) with low gate-to-drain bias
( VGD ) there is no inversion in the region under gate, hence the ef-
fective channel length is the entire intrinsic region. As a result the
electric ﬁeld in this region is not enough to initiate the impact ion-
ization process. When a large VGD is applied there will be formation
of inversion layer under the gate overlapped region hence effec-
tive channel length now reduces to the i-region outside the gate
and electric ﬁeld is intensiﬁed across this region. This in turn leads
to a larger fraction of VSD drop across it. This increases the poten-
tial drop across the intrinsic region signiﬁcantly and initiates the
avalanche multiplication. Moreover, in STS-IMOS when a large VGD
is applied, it modulates the effective barrier height and tunneling
distance as well. Hence, tunneling of electrons from source to drain
initiates the avalanchemultiplication consequently there will be gate
modulated current ampliﬁcation.
Fig. 1. Schematic cross-sectional view of (a) conventional IMOS and (b) STS-IMOS.
Fig. 2. STS-IMOS conduction mechanism.
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In order to get a comprehensive understanding of the device
working, its equivalent circuit diagram in ON state is shown in Fig. 3.
Here, RSource and RDrain are the parasitic resistances of source and drain
respectively for both the devices. VS eff, is the effective VSD potential
drop across the intrinsic region required to initiate the avalanche
multiplication process. RIntrinsic and RChannel are the resistances offered
by intrinsic region and the channel respectively. In order to opti-
mize the device performance the parasitics, i.e., RSource and RDrain ,
must be as small as possible and VS eff, must be large to initiate the
avalanche multiplication and tunneling simultaneously. As RSource of
STS-IMOS is highly reduced due to silicide source than the RSource
of IMOS, it results in a larger fraction of VSD drop across the intrin-
sic region hence VS eff, of STS-IMOS is more than the VS eff, of IMOS
for the same value of applied source-to-drain bias VSD . Thus, oper-
ating voltages of STS-IMOS are reduced signiﬁcantly.
3. Analytical modeling of STS-IMOS
The net current through STS-IMOS has three components: impact
ionization current ( Iii) due to high electric ﬁeld, tunneling current
ITun( ) and thermionic current ( ITherm) due to silicide source. Due to
high electric ﬁeld and silicide-semiconductor interface impact ion-
ization current and tunneling current are the major components of
the current, whereas thermionic current is negligible.
I I I I I ID ii Tun thermionic ii Tun= + + + (1)
3.1. Impact ionization current ( Iii)
The ionization current will play an important role because of high
electric ﬁeld in the intrinsic region of STS-IMOS. Here, all the applied
bias in STS-IMOS are with respect to the drain. In order to quanti-
fy the current contribution due to the impact ionization process in
STS-IMOS, we have followed the analysis technique developed by
Mayer et al. [18] for the case of IMOS. To model Iii in STS-IMOS, ini-
tially the electric ﬁeld in the structure, depending on the applied
bias and the device geometry is calculated. The strength of elec-
tric ﬁeld depends on the device dimensions, namely gate length (LG),
intrinsic length ( Lin), gate oxide thickness ( Tox ) and silicon ﬁlm thick-
ness ( TSi ). It also depends on the doping concentration in drain (ND),
carrier concentration in source side due to silicide, intrinsic region
doping Ni, material parameters, such as gate material work-
function ( φm) and bias conditions namely, source to drain voltage
( VSD) and gate-to-drain voltage (VGD ). This calculated electric ﬁeld
in the region of impact ionization is then incorporated in the ion-
ization integral (M). The threshold voltage of STS-IMOS is governed
by the full ionization integral M. The value of M also deﬁnes the
state of the device. For M < 1, the device is in OFF state, the current
would be limited by the reverse biased pin diode. For M = 1, ava-
lanche process is just initiated in the device. Similar to IMOS, the
STS-IMOS also has two crucial threshold voltages namely ava-
lanche breakdown voltage ( VBR) extracted from the ID- VSD
characteristic and gate threshold voltage (VGT) extracted from the
ID- VGD characteristics. For M > 1, the device is ON, the current is
then limited by the channel resistance. The two dimensional Pois-
son’s equation in area-I is
∂ ( )
∂
+
∂ ( )
∂
= ≤ ≤ ≤ ≤
2
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2
2
1
2
0 0
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x y
y
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; ; (2)
Solution for ψ1(x) can be obtained by considering the parabolic
potential function approximation
ψ ψ1 0 1 2 0 0x y x A x y A x y x L y TG Si, ; ;,( ) = ( ) + ′( ) + ′′ ( ) ≤ ≤ ≤ ≤ (3)
and imposing following boundary conditions in the above
equation,
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General form of the solution for the above differential equation
will be of the form
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Similarly, potential function and electric ﬁeld in region-II can be
expressed by assuming potential distribution in virtual electrode
as follows,
ψ
ε
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θ2 2 22
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Si Si
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⎦⎥ + + ( ) = −
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where, A′, A″, θ and φ are constants whose values can be obtained
by imposing the following boundary conditions
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Fig. 3. Equivalent circuit diagram of STS-IMOS and IMOS in ON state.
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Now, as the ionization integral, M is given by
M x dx dxn n p
xLin
= ( ) − −( )⎡⎣⎢ ⎤⎦⎥∫∫ α α αexp 00 (15)
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where, αn and αp denote the position and electric ﬁeld dependent
ionization coeﬃcients for electron and hole respectively, and Io rep-
resents sub-threshold leakage current. Substituting the value of E2(x)
from Eqn. (8) in Eqns. (15) and (16) and solving for Iii due to holes
and electrons can be calculated as
I I I
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ii ii n ii p
o n n p
xLin
= +
= ( ) − −( )( )⎡⎣⎢ ⎤⎦⎥⎡⎣⎢
+
∫∫
, ,
expα α α
00
α α αp p n
xL
x dx dx
in ( ) − −( )( )⎡⎣⎢ ⎤⎦⎥ ⎤⎦⎥∫∫ exp 00
Evaluating the above expression, Iii comes out to be
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3.2. Silicide source induced tunneling current ( ITun )
Because of silicide-semiconductor interface (Schottky contact)
and high electric ﬁeld in the intrinsic region, there will be tunnel-
ing of electrons from source to the intrinsic region. Here, gate controls
the tunneling of electrons from source side as it modulates the
Schottky barrier height at the source edge by changing the elec-
tric ﬁeld proﬁle and tunnel width. Hence, there will be tunneling
current. Fig. 4 exhibits the impact of gate bias on the source to
channel tunneling. Gate controls the Schottky barrier tunneling at
the source by modulating the barrier height by changing the ﬁeld
at the junction, tunneling width and available density of states. Now,
it is imperative to quantify this tunneling current and study the
tunneling induced current ampliﬁcation effect. The tunnel current
barrier is characterized by the transmission function T(E) [19] and
it can be depicted by assuming a triangular potential proﬁle using
Wentzel–Kramers–Brillouin (WKB) approximation as
T E A E where A
m
qE
B
elect
( ) = − −( ){ } =exp ; ,φ 3 2 4 2
3
*

(17)
where A denotes the Richardson constant 120 2 2A cm K , m* is the
effective mass of the semiconductor and Eelect is the electric ﬁeld.
Now, the tunneling current can be modeled by
I
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where, φB denotes Schottky barrier height, fs and fm the fermi dirac
distribution functions for the semiconductor level of the semicon-
ductor and metal respectively. Approximating the above expression,
we have
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Expanding the terms by using Taylor series and considering only
up to 2nd-order terms and neglecting the higher order terms, we
get
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Further approximating the expression, it comes out to be,
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On simpliﬁcation tunnel current comes out to be
I
e
h
V VTun m GTun GTun= −[ ]4 1 2 2φ ξ ξ (19)
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VGTun is the effective threshold gate bias appearing in the intrin-
sic region to initiate the tunnelingmechanism and it is having a linear
dependence on the applied gate bias VG. Thus, V VGTun G∼ μ , where,
μ is the ﬁtting parameter and theoretically its value is less than 1.
Physically the parameter μ reﬂects the impact of applied gate bias
in the adjacent ungated intrinsic region. As this potential is not di-
rectly controlled by the gate bias but it is partially dependent on
the bias applied at the gate. This indirect potential variation also
modulates Schottky tunneling barrier and tunneling width. This ini-
tiates Schottky tunneling at source side. It is calculated empirically
by analyzing this indirect dependence of potential of ungated region
on the bias of gated region. The empirical value of μ is taken as 0.7.
Eqn. (19) and Eqn. (20) clearly demonstrate the effect of φB on the
tunneling current.
Fig. 4. Silicide source induced tunneling width and barrier height modulation.
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3.3. Total drain current (ID)
The total effective current due to cumulative effect of source
tunneling and impact ionization process can be written
as
I I I
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Expressing the exponentials by its ﬁrst order approximations we
get
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3.4. Threshold voltage ( VGT)
The threshold voltage ( VGT) of STS-IMOS is deﬁned as the
minimum gate voltage at which the electric ﬁeld in region-II must
be equal to the critical electric ﬁeld Ecrict . Hence, in order to derive
the expression for the threshold voltage of STS-IMOS, the electric
ﬁeld in region-II is substituted as E x Ecrict2 ( ) = in Eqn. (8), hence VG
would become VGT .
V
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where, χ1, η1 and τ are deﬁned in Eqns. (12) and (13).
3.5. Sub-threshold slope (SS)
The subthreshold slope (SS) is deﬁned as
SS
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Hence, differentiating the equation for total effective current ID
with respect to VG and putting it in above equation SS comes out
to be
SS
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where, σ1 and σ2 values are given by
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4. Simulation results and discussion
Fig. 5a depicts energy band diagram along the device length with
horizontal cut-line (X − X’) at the center of the silicon ﬁlm for STS-
IMOS and conventional IMOS, under thermal equilibrium state. Under
thermal equilibrium the energy band diagram of IMOS corre-
sponds to the p+-i-n+ structure. Whereas for the STS-IMOS it denotes
silicide-i-n+ structure. Fig. 5b shows the OFF state energy band
diagram along the horizontal cut-line (X − X’) at the center of the
silicon ﬁlm for both the devices. In OFF state, there is no forma-
tion of inversion layer under the gate. Hence, effective channel length
is the entire intrinsic region. Thus the electric ﬁeld strength in the
intrinsic region is not enough to initiate the impact ionization
process. A positive gate voltage turns the device ON by creating in-
version layer under the gate, reducing effective channel length and
intensifying the electric ﬁeld in ungated intrinsic region. This ini-
tiates impact ionization process. ON state energy band diagram along
Fig. 5. Energy band diagram of STS-IMOS in (a) thermal equilibrium, i.e., ( VGD = 0 V, VSD = 0 V ) (b) OFF state, i.e., ( VGD = 0 V, VSD < 0 V ) (c) ON state, i.e., ( VGD > 0 V , VSD < 0 V )
along device length with cut-line X − X’.
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the device length with cut-line (X − X’) at the center of the silicon
for both the devices is shown in Fig. 5c.
4.1. Analytical model validation
Fig. 6a compares the analytical and simulated electric ﬁeld E(x)
along device length with cut-line X − X’ in ON state. Analytical model
overestimates the effect of gate bias at the channel. This results in
higher electric ﬁeld and lower threshold voltage analytically. Fig. 6b
plots the transfer characteristics ( I VD GD− ) of STS-IMOS and IMOS.
The breakdown characteristics I VD SD−( ) of STS-IMOS and IMOS is
shown in Fig. 7. TCAD simulations shows VGT of STS-IMOS as 0.25 V
and analytically the computed value of threshold voltage is 0.21 V.
Whereas, the threshold voltage for conventional IMOS is reported
as 0.53 V (TCAD). Moreover, simulation results observe the break-
down voltage ( VBr) for STS-IMOS as 4.1 V and analytically its value
is 4.3 V. For the conventional IMOS the breakdown voltage is 4.9 V
(TCAD). Hence, from simulation results it can be inferred that there
is a signiﬁcant improvement in terms of threshold voltage and break-
down voltage with comparable I ION OFF ratio (approx. 107) and sub-
threshold slope of 8.3 mV/dec for STS-IMOS and it is 4.7 mV/dec for
conventional IMOS. The agreement of the model with TCAD results
is good enough in the whole range of applied voltages, and smooth
transitions are observed at the boundaries between the subthresh-
old and ON regions. The major reason for this slight discrepancy in
TCAD results and our model is that the gate edge towards the drain
is underestimated in our model that results in later breakdown.
Another reason for this mismatch between the TCAD and model is
we assumed charge carriers to travel directly from the source to the
drain, near the front interface, whereas the ionization integral (M)
must be calculated along actual current line. The slight increase in
SS of STS-IMOS compared to the conventional IMOS is due to the
Schottky tunneling mechanism. STS-IMOS shows high immunity
against hot electron damage, as in it the location of maximum elec-
tric ﬁeld has shifted towards the source and now it is away from
gate oxide. As a result of this the device reliability increases because
bow VTh ﬂuctuations due to hot electron damage is nomore an issue.
This structure provides low back hole injection because of asym-
metric structure and excellent immunity against latch-up by
essentially eliminating the parasitic bipolar action.
4.2. Schottky barrier height ( φB) optimization
As Schottky barrier height ( φB) is a crucial parameter of sili-
cide material, it need to be optimized to get improved device
Fig. 6. (a) Comparison of analytical and simulated electric ﬁeld E(x) along device length with cut-line X − X’ in ON state (b) comparison of analytical and simulated transfer
characteristics ( I VD GD− ) of STS-IMOS and IMOS.
Fig. 7. Breakdown characteristics I VD DS−( ) of STS-IMOS and IMOS.
Fig. 8. (a) Simulated transfer characteristics ( I VD GD− ) of STS-IMOS and IMOS, (b) simulated breakdown characteristics I VD DS−( ) of STS-IMOS and IMOS with φB variation.
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behavior. Fig. 8a shows the I VD GD− curves of STS-IMOS with φB vari-
ation. Fig. 8b plots of breakdown characteristics ( I VD DS− ) of STS-
IMOS for different φB . The threshold voltage and breakdown voltage
both decreases with the increasing φB . In order to gain physical
insight of device working, we have compared the simulated device
performance parameters and analytically computed values. The
simulated and computed SS for STS-IMOS for different φB are com-
pared in Fig. 9a. Similarly, both values of threshold voltage VTh for
STS-IMOS for different barrier height φB is compared in Fig. 9b. The
ﬁgure clearly demonstrates that both SS and VTh decrease with in-
creasing φB . It is because of the fact that for higher value of φB the
carrier tunneling is obstructed resulting less SS degradation caused
due to source induced Schottky tunneling. The decrease in the VTh
with increasing φB is because after the initiation of impact ioniza-
tion the potential of intrinsic region will be relatively constant, thus
change in φB appears as channel surface potential thus VTh de-
creases with increasing φB . IOFF variation for both simulated and
computed for different φB is shown in Fig. 9c. IOFF ﬁrst decreases
with increase in φB and then increases shown in Fig. 9d. It can reach
a minimum value when φB is about 0.55 eV and then increases af-
terwards. Too low barrier height results in enhanced thermal
emission, hence results in higher leakage current even at too low
φB . A slight increase in φB controls thermal emission and IOFF de-
creases. Whereas, too high barrier height leads to undesirable holes
tunneling current. Thus at higher value barrier height IOFF in-
creases due to higher hole tunneling current. This shows that the
optimized φB is essential tominimize IOFF . Hence, To assess the device
performance, we plot I ION OFF and transconductance (gm) with φB
variation in Fig. 10a. For analyzing the SCEs of the device its drain
induced current enhancement (DICE) and gate induced barrier low-
ering (GIBL) versus are φB variation plotted in Fig. 10b. “DICE” is
coined to quantify the drain induced current enhancement taking
place in IMOS as there is no energy barrier between the channel
and the source. It is corresponding to drain induced barrier lower-
ing (DIBL) concept for the conventional MOS. Both of these
parameters improve with increasing φB . Hence, STS-IMOS is a po-
tential device to reduce the operating voltage of IMOS when φB is
optimized.
5. Conclusion
Here, a Schottky tunneling source impact ionizationMOSFET (STS-
IMOS) with silicide source having lower breakdown voltage is
investigated. It exhibits enhanced device performance and reduced
Fig. 9. Comparisons of simulated and analytical (a) subthreshold slope (SS), (b) threshold voltages ( VTh ), (c) breakdown voltage ( VBr ) and (d) OFF current ( IOFF ) of STS-
IMOS with φB variation.
Fig. 10. (a) I ION OFF ratio and transconductance gm variation with respect to φB , (b) drain induced current enhancement (DICE) and gate induced barrier lowering (GIBL)
variation with respect to φB .
427S. Singh, P.N. Kondekar/Engineering Science and Technology, an International Journal 19 (2016) 421–428
operating voltage than the conventional IMOS. The accumulative
effect of impact ionization and source induced barrier tunneling is
the key feature of STS-IMOS. TCAD simulations validated signiﬁ-
cant reduction in break down and threshold voltagewith comparable
SS for STS-IMOS. It demonstrates high immunity against hot elec-
tron damage as electric ﬁeld peak has shifted towards the source
side, i.e. away from gate. Consequently, device reliability is im-
proved signiﬁcantly. An analytical framework has been developed
for the total drain current, based on integral of ionization integral
(for impact ionization current Iii) andWKB approximation (for tun-
neling current ITun ). Exhaustive analysis has been carried out to
understand the inﬂuence of the barrier height φB on the device per-
formance. The simpliﬁed analytical expressions developed are in
good agreement with the TCAD simulations. The physical insight
gained by this analysis realizes the framework for further analysis
meant to develop the comprehensive understanding of important
device properties. To conclude, compact explicit expressions for the
drain current of STS-IMOS is derived that expedite projections of
scalability of the operating voltage for conventional IMOS.
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Appendix
We expect no qualitative change in the transfer and break-
down characteristics of the proposed STS-IMOS even without
incorporating Ithermionic . As analytically thermionic current density
( Jthermionic ) under forward biased condition with applied forward
bias equal to V is deﬁned as [19]
J J qV kTthermionic ST= −[ ]exp 1 (26)
Where,
J A T q kTST B= [ ]* 2 exp φ (27)
A
qm k
h
* =
4 8 2
3
π (28)
where, symbols stand for their usual meaning. From the equation
it is demonstrative that Jthermionic is dominant current component
under forward biased condition. Now for reverse biased condition
replacing V by –V it can be observed that for reversed biased con-
dition Jthermionic is drastically reduced. Further, for Schottky contacts
thermionic current is dominant only if the electric ﬁeld is in the
range 104–105 V/cm [19]. Whereas for STS IMOS operating at peak
electric ﬁeld of the order of 1.5*106 V/cm to initiate impact ion-
ization. Hence our approximation of neglecting Ithermionic still holds
good.
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